Here three glacier surface area records (years 1975, 1999 and 2005) of temperature, precipitation and snow cover from three high-altitude (1332 m asl to 3488 m asl) stations within Aosta Valley, to investigate modified climate within the area. We find increasing temperature especially during late spring and summer, and substantially unchanged total precipitation, with marked reduction of snowfall, snow cover, number of snowfall events and duration of continuous snow cover, especially during spring and summer, likely driving shrinking of glacier coverage.
I Introduction
Most mountain glaciers and small ice caps have been retreating since the end of the Little Ice Age (LIA), between 100 and 300 years ago (Barry, 2006; Zemp et al., 2008) . Recently, however, glaciers have begun melting at rates that cannot be explained only by natural climate variability (Dyurgerov and Meier, 2000) . Glacier shrinkage is likely driven by the important changes occurring in mid-tropospheric conditions, such as the widely acknowledged rapid increase in temperature (IPCC, 2001 (IPCC, , 2007 which in the Alps was found more than double the Planetary average over the last 50 years (Böhm et al., 2001; Casty et al., 2005) . Terminus fluctuation data collected in the Alps since the end of the 19th century show a fairly constant retreating trend (Citterio et al., 2007; Hoelzle et al., 2003; Zemp, 2010) . This general trend experienced only one meaningful interruption between 1950 and 1990, when a small glacier advance occurred (Citterio et al., 2007; Patzelt, 1985; Wood, 1988) . After this tiny (in magnitude) glacier advance, retreat was again dominant (Hoelzle et al., 2003; Zemp, 2010) . Mass balance records carried out in the Alps over the latest six decades indicate strong ice losses, which accelerated more recently (i.e. 1985 to present; Zemp, 2008; Zemp et al., 2006 Zemp et al., , 2008 . Also data from glacier inventories are demonstrating a noticeable and quite continuous glacier shrinkage, and the largest parts of the ice losses are due to the smallest glaciers. Lambrecht and Khun (2007) estimate for Austrian glaciers a decrease of about 17% during 1969 -1998 . Knoll and Kerschner (2009 report an area decrease of Tyrolean glaciers of c. 36% during , mainly due to small glaciers (0.1 km 2 <area <1 km 2 ), responsible for 23.8% of the total reduction. Paul et al. (2004) , in compiling the Swiss Glacier Inventory 2000, found that 44% of the area reduction during 1973-1998/1999 was due to glaciers smaller than 1 km 2 , encompassing 18% of the total initial area. The comparison of glacier inventories covering the Italian Alps is possible only during 1961-1989 (i.e. 1961 data, reported by Consiglio Nazionale delle Ricerche and Comitato Glaciologico Italiano, 1961; 1989 data, synthesized by Biancotti and Motta, 2000) and displays an area reduction of 43 km 2 (see Citterio et al., 2007) . No updates of the 1989 National Glacier Inventory have been performed hitherto, so the only chance to evaluate glacier trends and changes in Italy seems to be analysis of the regional glaciers' database. Maragno et al. (2009) studied the area changes of 34 glaciers in the Adamello group (Lombardy, northern Italy) from 1983 to 2003 and found a surface reduction of c. 19% with an accelerated area rate change lately. Diolaiuti et al. (2011) analysed area and geometry changes of a small but representative sample of glaciers in the Italian Alps (Piazzi Dosdè Group) during , with a 51% decrease, mainly comprising small glaciers. Diolaiuti et al. (2012) illustrated the recent area evolution of a set of 249 glaciers in the Lombardy region (c. 200 km east of the Aosta Valley Region) using three surface area records for 1991, 1999 and 2003 . The analysed glaciers experienced a 21% reduction in the period [1991] [1992] [1993] [1994] [1995] [1996] [1997] [1998] [1999] [2000] [2001] [2002] [2003] . Glaciers smaller than 1 km 2 accounted for 53% of the total loss in area (13.1 km 2 during [1991] [1992] [1993] [1994] [1995] [1996] [1997] [1998] [1999] [2000] [2001] [2002] [2003] . The area change rate was higher lately, with c. -11.7% during 1999-2003. Here we summarize the recent (i.e. last 30 years) trend of a representative Italian glacierized group (namely the Aosta Valley region), comparing three regional glacier inventories, performed in 1975 (VdA, Aosta Valley, 1975 ), 1999 by the authors of this paper; VdA, Aosta Valley, 1999 Valley, , 2005 . The abundance of high-quality aerial photos during the last 30 years allows study of this glacierized sector, and Aosta Valley glaciers alone cover more than one-third of the glacierized area of Italy. Moreover, we investigated climate variations within this area and their possible effect upon glacier reduction by analysing records of temperature, precipitation and snow cover from three high-altitude stations within the Aosta Valley.
II Study area
The Aosta Valley is an important glacierized region (Figure 1 ). The Aosta Valley Alps include some of the largest Italian glaciers (i.e. Lys and Miage glaciers, both about 10 km 2 in area), as well as many medium-sized and small glaciers with a wide range of settings, aspects, altitudes and surface slopes. Some 4000 m peaks with glacierized mountain walls are located here (most notably, the Italian side of Mont Blanc, 4810 m asl, and the Italian side of Monte Rosa with Punta Gnifetti, 4554 m asl). Further, until recently some well-known debriscovered glaciers of the Alps were located in the Aosta Valley, i.e. the Miage and the Brenva glaciers in the Mont Blanc Massif. However, in summer 2004 Brenva had its debris-covered tongue detached from the accumulation basin (Cerutti, 2005) , and presently the Miage Glacier is the best example of an active debris-covered glacier in Italy (Caccianiga et al., 2011; Diolaiuti et al., 2009) . The impressive shortening experienced by Aosta Valley glaciers during the last century may also be appreciated by visual inspection of historical pictures. In Figure 2 we show three pictures (c. 1868, 1999, 2005) where an impressive retreat of the Lys Glacier tongue is visible, together with deep morphological changes.
III Data and methods 1 Glacier inventory
Three surface glacier area records, dating from 1975, 1999 and 2005 , are available for the Aosta Valley, the two latter ones compiled by some of the authors of this paper. These area records were worked out by combining glacier limits manually digitized on registered colour orthophotos (1999 and 2005 flights by Aosta Valley Region) and field surveys using Differential Global Positioning System (DGPS). The Diolaiuti) . At the terminus an ice contact lake developed, the debris covering the glacier tongue is abundant, the connection between the upper glacier sector (mainly debris-free) and the lower part (debris-covered) is thinning and large rock walls are appearing below the ice falls.
orthophotos used as the base layer for delimiting the glacier boundaries are standard commercial products (purchasable from Aosta Valley Region), with a planimetric resolution specified as 1 pixel (pixel size 1 m for 1999 and 0.5 m for 2005). The planimetric accuracy given by the manufacturer is +2 and +1 m for 1999 and 2005 orthophotos, respectively. Using the orthophotos as the base layer in a GIS environment, we delimited the glacier boundaries as polygons. For 1999, we also referred to glacier boundaries determined in the field through DGPS campaigns on some selected glaciers. For 2005, given the clear sky weather conditions prevailing during photo acquisition, other sources (i.e. DGPS field data) were only used to mark glacier boundaries covered by debris (e.g. for Miage Glacier and Lys Glacier tongue). The final planimetric precision was evaluated according to Vögtle and Schilling (1999) , considering both source-related uncertainty and the sharpness of the glacier limits. The area precision for each glacier (for 1999 and 2005 data) was evaluated by buffering the glacier perimeter considering the area uncertainty. The final precision for the regional glacier coverage was determined as the root of the squared sum of buffer areas. The 1975 area data were already available (VdA, Aosta Valley, 1975) and the final accuracy of this record of data was approximated by the resolution of the map produced by the authors of this inventory (i.e. a 1:10,000 scale map with a nominal map reading error of +2 m). Area changes were analysed by first classifying the Aosta Valley glaciers according to the following size classes: <0.10 km . These size classes were applied in previous studies (Citterio et al., 2007; Diolaiuti et al., 2011 Diolaiuti et al., , 2012 Paul et al., 2004) , thus allowing direct comparison.
Meteorological data
Meteo data records from three weather stations (WS; Figure 1 ), deployed at different altitudes, were used: Brusson (BR, 1332 m asl), Valtournenche (VT, 2526 m asl) and Pian Rosa (PR, 3488 m asl). Brusson and Valtournenche stations are the property of the Aosta Valley Region authority, and yielded data of mean daily temperature T, (total) precipitation P, and snow depth on the ground HS, for the considered period. These stations were chosen after a preliminary analysis because they possess a most complete database among the weather stations of the Aosta Valley Region, and they also allow comparison of climatic signal for different altitudes. Pian Rosa station is the reference WS chosen to represent the Alpine area of Aosta Valley by the Italian Air Force Meteorological Service and by the World Meteorological Organization (WMO), and it is the highest in Italy. From this WS only records of mean daily temperature T were available, which were used to assess the presence of a warming signal at the highest altitudes. Given the limited extension of the Aosta Valley Region (no more than 80 km from east to west) we hypothesize that the selected stations are representative enough for the assessment of climate trends in the area. For our analysis we considered (mean) monthly and seasonal values of T, P, and HS (snow cover season), number of snowfalls, NS, and snow cover duration, DS, above given thresholds (0, 5, 10, 20, 50 cm; e.g. Bocchiola and Diolaiuti, 2010; Diolaiuti et al., 2012) . We carried out two types of stationarity tests upon the mentioned variables: linear regression LR, and traditional Man Kendall test (MK, Kendall, 1975; e.g. Bocchiola and Diolaiuti, 2010) . We evaluate the corresponding p-value statistics, p-val, and we label as significant trends those giving p-val < 0.05 for both tests. The number of ice bodies surveyed is different in the three data sets, due to either unreliable detection of some glaciers in the aerial photos (e.g. for cloud cover and/or snow cover), or disappearance of some glaciers. In total, 174 glaciers were recorded in all three dates, which were then used for our comparison. We first focus upon the most recent regional glacier database, i.e. the 2005 record. We processed geometry of glaciers wider than 0.1 km 2 , thus neglecting glacierets and ice bodies with unclear evidences of ice flow and glacier dynamics. Glaciers with a surface below 0.5 km 2 are prevalent in the Aosta Valley (i.e. more than 50% of the whole sample), highlighting how glacier resource is spread across several small ice masses ( Figure 3a ). Less than 10% of the sample is given by ice bodies larger than 1 km 2 . Glacier length (Figure 3b ) ranges on average between 0.51 and 0.75 km (i.e. for more than 20% of the sample) and less than 5% of the glaciers were longer than 4 km. The minimum glacier elevation (Figure 3c ), or glacier terminus, is between 2601 and 2800 m asl (c. 30% of the whole sample). Aosta Valley glaciers show a southeast preferred aspect (Figure 3e ), given by the influence of the nesting mountain walls, which has driven and shaped glacier development and distribution. The slope frequency distribution ( Figure 3f ) indicates a mean slope of 20.3
IV Results
. We found negative correlation between terminus elevation and glacier area (r ¼ -0.6), i.e. larger glaciers tend to reach lower elevations. These patterns were observed in other glacier areas (the Alaska Brooks Range, Manley, 2005 ; the Swiss glaciers, Kääb et al., 2002 ; the Cordillera Blanca, Racoviteanu et al., 2008 ; the Piazzi-Dosdè group, Italy, Diolaiuti et al., 2011 Diolaiuti et al., , 2012 .
Glacier changes during 1975-2005
The surface variations of the 174 glaciers common to the three data sets were investigated. . Area changes were compared with total glacier areas ( Figure 4) , with evidence that the smaller the glacier the faster the reduction in size. These results reflect findings by other authors for different Alpine glacierized sectors (Diolaiuti et al., , 2012 Paul et al., 2004) . Diolaiuti et al. (2012) , in studying percentage area change against initial area within the six main glaciological areas of the Lombardy region, found power law scaling with a negative exponent (i.e. the smaller the glacier, the faster the area loss), ranging from -0.19 to -0.09 (-0.14 for the pooled sample, 249 glaciers; see Figure 5 in Diolaiuti et al., 2012) . The power law exponent found here, -0.29, is slightly greater (in absolute value) but consistent with the findings therein. Based on such evidence, we claim that within the Italian Alps small and fragmented ice bodies are proportionally more sensitive to climate change.
In 1975 the mean glacier area was 0.94 km 2 with 18 small glaciers (<0.10 km 2 ). In 2005, the 174 glaciers analysed had a mean surface area of 0.69 km 2 and 70 were small ones (<0.10 km 2 , 40% of the sample). As visible in columns 2, 3 and 4 of Table 1 , several glaciers shifted from the largest size to the smallest. To avoid inconsistencies like the apparent gain in area for those classes that acquired more glaciers from larger classes than they lost to smaller classes, columns 2-6 of Table 2 for 43% of the total loss in area (Table 2) . Area loss from the largest glaciers was comparatively much lower. Glaciers larger than 5 km 2 covered 39% of the total area in 1975, but they only contributed to 24% of the reduction. During 1999-2005, the total loss in glacier area was -17 km 2 +1.8%, and once again the strongest contribution (-4.4 km 2 , -26%) came from the second most-populated size class (0.1-0.5 km 2 ; Table 2 ). From Table 3 , between 1975 and 2005 glaciers smaller than 0.1 km 2 underwent area losses of about 62% of their initial surface. However, such decrease was responsible for 2% only of the total area change. Comparing the three windows (1975-1999, 1999-2005 and 1975-2005 ) the size class responsible for the largest losses regionally is the 0.1-0.5 km 2 one, which lost 25% (1999) (2000) (2001) (2002) (2003) (2004) (2005) and 29% (1975- There is a strong observed variability in the percentage of area lost by small glaciers (Figure 4) , ranging from 2% to 90%. This may partly be explained by factors such as: differences in the maximum elevation of glaciers relative to their Equilibrium Line Altitude (henceforth ELA); the elevation of the mountain ranges they are located in; the altitudinal range of the glaciers.
We found a significant negative relationship (r ¼ -0.6) between the percent area change and the vertical extent of the glacier (i.e. difference between maximum and median elevation). Glaciers with small vertical extent (i.e. maximum elevation close to median) are losing more area. We also found a significant negative relationship (r ¼ -0.7) between maximum elevation and percent area loss, indicating that glaciers located upon lower summits are also losing more area. Similarly, we found a significant negative relationship (r ¼ -0.7) of area change versus altitudinal range (i.e. maximum minus minimum elevation). Correlation analysis showed that small glaciers possess smaller vertical extent (r ¼ 0.8). These results support the idea that small glaciers with narrow altitudinal range are losing more of their area, also highlighted in other studies Kaser and Osmaston, 2002; Mark and Seltzer, 2005; Racoviteanu et al., 2008) . A change in local climate (i.e. a temperature jump) could have raised the ELA of those glaciers above their top, putting their whole area in a yearround ablation zone (Kaser and Osmaston, 2002) . In contrast, larger glaciers display a wide altitudinal range, with ELA well below maximum elevation. The recession trends of Aosta Valley glaciers are consistent ( Figure  5 ) with the behaviour of other glaciers from different glacierized regions of the world in the last three decades. In Figure 5 , Coropuna data (Peruvian Andes, 1962 are from Racoviteanu et al. (2007) ; Cordillera Blanca data (Peru, 1970 (Peru, -2003 are from Racoviteanu et al. (2008) ; Qori Kails data (eastern Peruvian Andes, 1963 are from Thompson et al. (2006) ; Kilimanjaro data (Africa, 1970 (Africa, -1990 are from Kaser (1999) ; Kenia data (Africa, 1963 (Africa, -1993 are from Kaser (1999) ; Thien Shan data (Asia, 1977 (Asia, -2001 are from Khromova et al. (2006) ; Swiss Alps data are from Paul et al. (2004) ; and Western Himalaya data (Asia, 1962 (Asia, -2001 are from Kulkarni et al. (2007) . In spite of being placed at mid-latitudes, Aosta Valley glaciers are comparable in size with those at low latitudes in the case study areas reported above. According to our findings regarding small glacier sensitivity to climate change, this may explain slightly stronger area changes with respect to Swiss and Himalayan glaciers.
Climate variables
In Table 4 , we report stationarity analysis of the three stations for all the considered monthly weather variables (only T for Pian Rosa). We report p-val for LR and MK test, with indication Table 3 . Changes of glacier area (DAg) calculated for the 174 analysed glaciers both as a percentage with respect to the area coverage their size class had at the starting reference time (1975 or 1999, columns 2, 4 and 6) and as a percentage with respect to the total area change that occurred at the whole glacier sample in the reference period (columns 3, 5 and 7)
Size class (km 2 ) 1975-2005 1975-2005 1975-1999 1975-1999 1999-2005 1999-2005 <0. of significant trends (a ¼ 5%). Also, we report the LR coefficient, quantifying (linear) trend magnitude. The analysis concerning number of snowfalls above 50 cm, NS50, did not provide any meaningful result given too few such events, and was thus discarded. In Table 5 , we report seasonal (and yearly) analysis of the same variables. Concerning the lowest station BR, several variables display significant nonstationarity (and linear trends) in our time window. Snow cover, HS, and number of snowfall, NS, for several thresholds are significantly decreasing during winter and autumn (notice that in spring and summer neither snow cover nor noticeable snowfalls were observed in BR station in our study period). Also, snow cover duration, DS, is decreasing in winter, and DS20 and DS50 also decrease in autumn (especially October, at the onset of the snow season).
Temperature is increasing almost always except for September, where a slight (not significant) decrease is found. Total precipitation, P, is mostly decreasing (except for February, June, September, November) at BR, and significantly in some cases. Seasonally speaking, P is always decreasing, significantly in winter (and yearly). Concerning VT, during winter and early spring (April) HS is increasing but not significantly. Ever since then HS decreases, significantly for summer (June and July). Seasonally, HS decreases always except in winter, and significantly in summer. Number of snowfalls, NS, always decreases except in April, September and November, and seasonally it decreases significantly during winter (and yearly). This similarly occurs for higher thresholds, and NS10 and NS20 are significantly decreasing in winter and spring (NS20 also in autumn), and yearly. Snow cover duration, DS, is constant in winter (except for DS50 which is slightly C/year at BR, þ0.11 C/year at VT, þ0.07 C/year at PR; summer, þ0.03 C/year at BR, þ0.04 C/year at VT, þ0.07 C/year at PR), thus showing that the highest altitudes are more impacted by warming during the thaw season. In Figure 6 we show the glacier area in our three sample years against the time series of temperature during June (and precipitation during March) at VT station. Although a correlation analysis is not possible given that we only have estimates of glacier area for three years, the plot shows a decrease of glacier area concomitant with an increase of T in June, consistent with the hypothesis of fallout of the latter upon the former (e.g. Diolaiuti et al., 2012; Nemec et al., 2009 ). For autumn temperatures here, the higher the altitude the smaller the increase (þ0.06 C/year at BR, þ0.01 C/year at VT, -0.01 C/year at PR). In PR station, a decreasing temperature during December leads to a decrease in autumn temperature, albeit of little significance.
Temperature during September also displays (non-significant) decrease in BR station (-0.02 C/year), and VT (-0.03 C/year). Precipitation in spring, and especially during March (see Figure 6 ) is decreasing at VT station, i.e. at an altitude of interest for glaciers. Spring water input (i.e. snowfall) represents a positive input for mass balance of the glacier, so its decrease has negative fallout upon glacier coverage (e.g. Cannone et al., 2008) . Snow cover conditions are very likely to impact glacier dynamics in our region. In Figure 6 we also report glacier size against number of thick snowfalls, NS10, during March, and snow cover days, DS, during June at VT station. The number of snowfalls influences ice melt, because high albedo from new snow protects more efficiently from solar radiation (Huss et al., 2009; Ohlendorf et al., 1997) . We may therefore conjecture that a decreasing number of thick snowfalls as seen here (Table 4) contributes to glacier downwasting. The decreased duration of snow cover, DS, at the onset of the thaw season observed here is also likely to affect negatively glacier mass balance, because longer, rather than thicker, snow cover results in a shorter ice melt period Cannone et al., 2008) . One wonders whether the magnitude of the retreat of the Aosta Valley glaciers (-27% of total area in half a century) is proportional with the climate trends we highlighted. Previous authors have shown examples of glacier length fluctuations up to several kilometres within the last century. As far as temperature is concerned, such changes are associated with secular fluctuations within the range of 1 C (Grove, 2004; Oerlemans, 1994; Oerlemans et al., 1998) . The reason for this marked sensitivity lies in the nature of melting processes. Because melting point is fixed, both the downward sensible heat flux and the longwave radiation balance increase when the air temperature rises. In turn, there are no compensating effects such as increasing longwave emission (as, for example, in the energy balance of a soil layer; Oerlemans et al., 1998). The air temperature increase occurring in Alpine areas since the end of the LIA activated a positive feedback, with a consequent increase in both downward sensible heat flux and longwave radiation balance (Oerlemans et al., 1998) . The contemporary reduction of the altitude range of Alpine glaciers (e.g. Citterio et al., 2007) , together with the generalized rise in the Equilibrium Line Altitude (ELA), confirmed by negative mass balances of glaciers in Italy over the last decade Cannone et al., 2008; Diolaiuti, 2001) , points towards a scenario with many glaciers almost completely below the ELA.
Our most recent orthophotos in summer 2005 showed changes affecting glacier shape and morphology, including growing rock outcrops (e.g. Lys, Verra Grande, Grand Croux, Goletta, Jumeaux glaciers), tongue separations (e.g. Brenva, Lys, Chateau Blanc, Money, Invergnan, Valtournenche glaciers), formation of pro-glacial lakes (e.g. Lys, Lavassey, Sengie, Grand Croux, Breuil, Rutor glaciers), and increasing supraglacial debris (e.g. Lys, Tza de Tzan, Lauson glaciers). These phenomena are related to positive feedbacks that accelerate further glacier disintegration once they are initiated. Probably the most important landscape change is the increasing supraglacial rock debris coverage, which plays a key role in determining magnitude and rates of ice ablation (Mihalcea et al., 2006; Nakawo and Rana, 1999; Young, 1981, 1982; Østrem, 1959) . Supraglacial debris on Aosta Valley glaciers is marked by several supraglacial morphologies (i.e. cryoconites, dirt cones and glacier tables) due to differential ablation processes. These morphologies are not fingerprints of glacier recession, but they are increasing in number and becoming dominant within the epiglacial landscape, due to the increasing abundance of supraglacial debris following glacier shrinkage (Diolaiuti and Smiraglia, 2010) . Therefore, climate change is not only driving a strong size reduction of Aosta Valley glaciers, but it is also deeply modifying their features and morphologies, eventually influencing the Alpine landscape.
In summary, there is reasonably clear evidence that: (1) glaciers within the Aosta Valley Region, in the northwestern Italian Alps, underwent recent (1975 Alps, underwent recent ( -2005 generalized shrinkage, accelerated lately; and that (2) increase of temperature, decrease of precipitation input, and reduced snow cover are the major climatic drivers leading to such accelerated downwasting.
